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Abstract 
 
Graphene- water interaction has been under scrutiny ever since graphene discovery and realization 
of its exceptional properties. Several computational and experimental reports exist that have tried 
to look into the interactions involved, however, none of them addresses the issue in its entirety. 
Most computational analysis doesn’t go beyond the atomistic scale and report graphene to be 
hydrophobic. Meanwhile, several experimental and molecular dynamics (MD) studies show an 
active interaction between graphene and water. We have, therefore, tested the inherent 
hydrophobic behavior of a small graphene in water droplet by the means of MD simulations. The 
analysis has been extended to multiple graphene flakes in water and their respective size dependent 
responses to water droplet. Graphene retreats from water droplet to encapsulate it from the surface. 
This response was highly dependent upon graphene size with respect to water content. 
Additionally, we also report self-assembly of multilayered graphene in water by means of MD 
simulations, an observation which can be utilized to synthesize such structures in a cost-effective 
way by experimentalists. To fully comprehend graphene behavior in water, graphene deformation 
was analyzed in the presence of water molecules. It was noticed that graphene wrinkled to wrap 
around water molecules and resisted complete failure, one that is seen in case of a sole graphene 
sheet. Our work will not only address the question about whether graphene is hydrophobic or 
hydrophilic but also provide insight into the behavior of graphene surface and mobility when 
exposed to water which can be exploited in numerous applications. 
 
 
I. INTRODUCTION 
 
In the realm of two dimensional(2D) materials, single atom thick Graphene made of sp2 hybridized 
carbons arranged in honeycomb lattice has dominated research ever since its rediscovery in 2004.1 
This is primarily due to the groundbreaking properties that make it a very promising material in 
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all sphere of science and technology. Graphene is gifted with exceptional properties in terms of 
electronics1, optics2, thermal conductivity3, mechanical strength4, and very high surface area. 
Above all else, it is mostly surface properties that render graphene potent in widespread 
applications in the field of biomedical sciences5, micro-fluidics6-7, bio-imaging8, batteries9 to name 
a few. Surface properties of graphene are highly controlled by its morphology, chemical additives, 
and synthesis techniques. While first isolation of graphene was done using scotch tape, multiple 
techniques for graphene synthesis have been devised in past two decades such as chemical 
exfoliation10, chemical vapor deposition (CVD)11, suction filtration12 and bottom-up synthesis 
(Tang-Lau Method13). CVD is prominent method to synthesize graphene in vitro and it is a 
common knowledge that substrate used in CVD affects overall response to water  of synthesized 
graphene surface.14 Interaction of graphene with water has been a long-standing question in the 
research community due to the ambiguity of its character. 
 
Based on first principle calculations by Leenaerts et. al.15, graphene was initially concluded to be 
hydrophobic. From density functional theory(DFT) results, they established that a single water 
molecule in a cluster does not bind strongly to graphene sheet (adsorption energy per molecule of 
water 13 meV) and charge transfer between the water molecule and graphene sheet decreases as 
water cluster size increases. Following this report, many applications of graphene were explored 
in nanoelectromechanical and microelectromechanical systems where a possibility of liquid 
deposition was needed to be reduced16, in microfluidics, catalysis, electrochemistry, corrosion and 
gas sensing. 5-7, 17 On the other hand, it was around the same time as Leenaerts et. al.15 published 
their results, there was another DFT report which showed water molecules adsorbed on graphene 
surface and desorption was not feasible at room temperature.18 It was realized that such 
contradictory graphene-water interaction is due to complex combinations of electrostatic, H-
bonding, and van der Waals interactions. Further experimental and molecular dynamics reports 
were published discussing reversibility of graphene’s hydrophobicity to hydrophilicity by several 
mechanisms including substrate controlled synthesis, altering ultraviolet radiation 19, chemical 
additives20. Needless to say, graphene water interaction can be engineered based on the 
requirement of the application. All the previous studies based on DFT, molecular dynamics and 
experiments detail closely upon atomic interactions between oxygen and hydrogen of water with 
the carbons of graphene and their effect on electronic, structural and chemical properties of latter. 
However, an intrinsic behavior of a graphene when exposed to the large quantity of water or 
humidity has not been emphasized enough beyond the atomistic scale. In this regard, it has been 
previously reported that graphene placed in a water nano-droplet is pushed to the surface driven 
by its hydrophobicity and forms van der Waals interactions with water molecules to encapsulate 
them.21 The major reason for such surface film adsorption is given to be a reduction in surface free 
energy on water adsorption. This Molecular Dynamics (MD) report has been backed up by 
experimental observations.  
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Therefore, in this work, the idea has been extended to multiple graphene sheets in water and their 
respective interactions. The hydrophobic attributes of graphene flakes(Gf) are investigated by 
means of MD simulations. Single and multiple Gf are placed in the water droplet, and the inherent 
behavior of graphene is examined. To be precise, relativity between a size of graphene and water 
content is investigated. Graphene-water interaction is largely directed by the size of a graphene 
sheet and content of water. Further, for the first-time humidity directed self-assembly of 
multilayered graphene (MLG) has been shown. These assembled graphene sheets were aligned at 
different turbostratic orientations, and their hydrophobicity was amplified with each addition of 
graphene layers.  Additionally, deformation behavior of graphene in water has been predicted 
based on its stress-strain curve.  
 
II. METHODOLOGY 
 
2.1 Molecular Structures 
 
A cubic simulation box of side 150 Å with hemispheric water droplet having diameter 120 Å and 
the number of water molecules Nw ~ 21000-30000 were constructed for this work.  In order to 
model graphene-water size dependent interactions, three cases were considered: (i) Three 
representative small Gf of size ~45 Å were placed in the water droplet at offset positions such that 
two of three Gf were slightly exposed outside of the water droplet (see figure 1(a)) while the central 
one remains completely in water. (ii)  Another system was considered where all three Gf were 
exposed outside the water droplet (see figure 1(b)). The difference between each Gf in the z-
direction was taken to be 40 Å. (iii) Three large Gf with the surface area comparable to that of 
water content were taken as shown in figure 1(c). The dimension of large square graphene are 
around ~90Å and distance between two Gf in z direction is taken to be 33Å. To simulate retreat of 
single Gf from water, a single Gf of dimensions ~42Å was constructed such that one-third of the 
flake is already exposed outside spherical water droplet (figure 1(d)). This was done in order to 
speed the retreat process of Gf from the water. Further to model graphene-graphene interaction in 
presence of water content several Gf (seven) were placed in water at offset position such that they 
were slightly exposed  (see figure 1(e)) with side ~45Å and difference between two flakes were 
kept 13Å in z direction. To extend the analysis, about 20 Gf were placed in water droplet at offset 
position with size ~ 20Å and 4Å distance in z direction (see figure 1(f)). To study the stress-strain 
relation of graphene in presence of water, a periodic graphene sheet was taken of dimensions  about 
126X121Å in a simulation box(126X121X100 Å) full of water molecules. Two cases were 
considered: Tensile loading was applied to (i) a periodic graphene, and (ii) a cracked or previously 
deformed graphene in a box full of water. The slit-like crack with armchair edges was taken of 
length 2a (a = 10Å) in the middle of graphene. Dimensions of graphene  and slit length were 
chosen in order to avoid effects of finiteness. 
 
2.2 Molecular Dynamics simulations 
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In order to model carbon-carbon bonds, Adaptive Intermolecular Reactive Bond Order (AIREBO) 
potential22 was used in Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 
package23 for the MD simulations of graphene in water where interaction cut-off parameter was 
taken as 1.92 A ̊ . TIP4P water model24 was used to model all the other bonds in the system. 
Periodic boundary conditions were maintained for the system. All the structures were minimized 
via conjugate gradient (cg) method in LAMMPS pre-MD run. Simulations were run in NVE 
ensemble with Berendsen thermostat to maintain the temperature at room temperature (300 K) 
with a damping constant of 100 fs. Time-step for each simulation run was taken to be of 2 fs. The 
final simulation time varies from 3-6 ns depending upon the system. 
 
Tensile loading was applied to graphene sheet in x direction at a fixed strain rate of 0.001 until 
complete failure at room temperature under NPT ensemble. Stress on the graphene sheet was 
calculated by averaging the stress on all the carbon atoms over the graphene sheet. Stress on 
individual carbon atoms was calculated by Virial theorem25 considering graphene to be of 
thickness 3.4 Å: 
 !"#$ = 1Ω 12)$*+$*,$ + .,/+012,4  
 
where i,j denote indices in Cartesian system; a,b are atomic indices; )$ and *$ denote mass and 
velocity of atom a; g is the distance between atoms a and b; f is the force applied by atom  a on b 
and Ω is the volume of an atom a. Stress- strain curve was determined as done in the previous 
study by Pei et.al.26 
 
 
Figure 1: Cross-sectional view of starting structures of graphene flake(Gf) in a spherical water 
droplet for molecular dynamics (MD) simulations at 0 timestep. 
 
III. RESULTS AND DISCUSSION 
 
3.1. Graphene-water size-dependent interaction 
 
Density Functional Theory studies to predict the adsorption of water on graphene have shown 
ambiguous results.15, 18, 27-29 Due to p electrons of graphene, it is highly sensitive to environment 
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especially to the humidity.28 Water is known to withdraw electrons from graphene, therefore 
having a direct influence on its electronic properties.30 This makes Graphene-water interaction a 
crucial factor that influences the performance of graphene in many potential applications.  
Graphene monolayer is well known to be hydrophilic18; however, its behavior varies between 
hydrophobic to hydrophilic based on its method of synthesis, stacking18, 31-32, substrate27 etc. As 
previously mentioned, graphene has been reported to drive its way out of the water nano-droplet 
and form van der Waals interactions with water molecules to encapsulate them.21 The idea has 
been extended to multiple graphene sheets in water to study their respective behavior in presence 
of other graphene sheets. Here, several monolayer Gf were kept inside the water droplet and 
simulated for an extended amount of time using MD to investigate the inherent tendency of Gf in 
the presence of water and other Gf. Gf were placed in a water droplet at different positions and 
simulations were run for 6 ns. Three cases were considered as already discussed in section 2.1with 
varying Gf size and position. It was noted that Gf and water interaction was greatly dependent upon 
the size of Gf.  
 
For cases where small Gf were placed at an offset position with respect to water droplet, two 
scenarios were considered: one where two of three Gf  are exposed outside water content and 
another where all three were slightly exposed outside. It was seen that hydrophobic tendency of 
Gf dominated as they retreated from water during the run. In figure 2(a-b) it can be seen that Gf 
are placed at slightly offset position in water initially. The top and bottom graphene came out 
quickly and covered the water surface. The tendency of graphene to retreat from water increases 
when exposed outside the water droplet. This suggests hydrophobic character dominates 
hydrophilic character for Gf. On the other hand, the middle graphene with no initial exposure 
continued to stay in the water. No difference in the system was noticed post this point for extended 
MD run. This can be due to domineering encapsulating and gliding Gf outside which prevent 
surfacing of central graphene from the water. In case (ii) (figure 2(c-d)), Gf were placed slightly 
more offset such that all three graphene are exposed to the air. All three of them manage to retreat 
from the water. While the top and bottom graphene form an arc covering the water droplet, central 
graphene initiated formation of double layered graphene by interacting with the nearest graphene 
present. This phenomenon also assisted in fast retreating of graphene from the water. This implies 
that the tendency to form a stacked structure dominates hydrophilicity of graphene and 
hydrophobic nature increases with stacking as previously reported.31-32 This is more detailed in 
section 3.3. 
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Figure 2: Cross-sectional view of small graphene flakes (Gf) in a water droplet before and after 
simulation. Position of Gf in water influence the process of their out-coming and overlapping. (a-
b) Gf with respect to water after 0 ns and 6 ns of MD simulation for case (i). The simulation was 
run for longer time but no difference in system was noticed post this point. (c-d) Gf with respect 
to water after 0 ns and 4.7 ns of MD simulation when all three Gf were slightly exposed outside 
water in case (ii). 
 
For comparatively larger graphene (case (iii)), as shown in figure 3(a), though inherently 
hydrophobic, Gf did not retreat from water but rather formed an encapsulating curvature around 
prominent part of the water. This entrapment of water molecules in between graphene sheets is in 
accordance with the results published by Song et. al. where they exhibited that there is a prominent 
charge transfer taking place between water molecules and graphene sheets when they are placed 
in between two graphene sheets.33  It can be seen in figure 3(c) that top and bottom graphene form 
an arc around water while central graphene does not move appreciably. Rest of the water molecules 
form a droplet interacting with least amount of graphene surface area as possible. Another 
interesting observation during the simulation run was the orientation re-arrangement of Gf with 
respect to one another. At the beginning of the simulation (see Figure 3 (d); top view) , Gf were 
placed exactly on the top of one another, however, during and after the run, they were shifted from 
the initial position and were found to align themselves at slight angles with respect to one another 
(see Figure 3(e); top view). It is  well-known that multilayered graphene (MLG) is more stable at 
AB stacking order34 which explains the re-arrangement of Gf with respect to one another. 
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Figure 3: (a-c) Cross-sectional view of graphene flakes(Gf) in a water droplet of comparable cross-
sectional area during simulation at different timesteps from start to end (0 - 5.7 ns). (d-e) Top view 
of starting and final graphene-water system. Orientation re-arrangement of graphene flakes can be 
seen. The top view remained consistent from ~3 ns throughout the simulation run. 
 
3.2. Retreat of graphene from water at the surface  
 
In the case of multiple graphene in water, we observed that graphene flakes interacted with each 
other to form a stacked structure as shown in figure 2(d). In order to map the retreat of single 
graphene flake from water in absence of other controlling parameters, we stimulated a single 
graphene flake in the water droplet. Gf was placed in the water droplet such that one-third of the 
flake is already exposed outside (figure 1(d)). This was done in order to speed the retreat process 
of Gf from water as in the previous studies graphene has been reported to take significant time to 
come out of the water.21 Additionally, as we have already seen in section 3.1 case (i) Gf with no 
initial exposure may not retreat from water in presence of other Gf that are encapsulating the water 
drop. Nevertheless, in all the graphene-water simulations done in this study, it was seen that Gf 
eventually comes out of the water and encapsulates the water droplet on the surface. It can be seen 
in figure 4 which shows a cross-sectional view of Gf coming out of the water droplet during the 
simulation run and covering the water content from outside. To the best of our knowledge, the 
process of graphene retreat from water surface has not been discussed before. Initially, the surface 
of the out-coming Gf is perpendicular to the water droplet surface. The Gf faces strong water 
adsorption at the base and therefore bends from the intersection towards water surface to form van 
der Waals interactions. These week forces induce gliding of graphene at the surface. In the process, 
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the contact angle between Gf-water reduces, and the flake continues to come out of water 
simultaneously covering the drop surface. This process was observed during simulations of 
multiple Gf as discussed in section 3.1. 
 
 
Figure 4: Cross-sectional view of retreat of a graphene flake (Gf) from water during MD 
simulation taken after every 0.5ns of simulation run. 
 
3.3. Self-assembly of Multilayered Graphene 
 
The response of graphene to water strongly depends upon its size and position with respect to 
water content as seen in section 3.1 and 3.2. However, during the simulation of three Gf in water, 
we observed that graphene during its retreat from water interacts with nearby graphene to form a 
stacked structure (figure 2(d)). In order to extend our analysis to include the effect of several Gf 
on the system, a system with seven Gf and twenty Gf were taken and simulations were run. It was 
noticed that graphene flakes assembled to form multilayered graphene. Multilayer Graphene 
(MLG) is a stacked form of Graphene up to 5-10 graphene layer that lack three-dimensional order 
which is usually seen in case of Graphite.35 In simple words, atomic positions of carbon in one 
plane have no relation with the ones in other planes. However, if the layer number exceeds 10, 
such materials usually exhibit properties similar to Graphite. In light of two most dominant carbon 
structures, i.e., graphene and graphite, MLG lie less explored in terms of their properties and 
applications. High surface area and mechanical strength of MLG makes it demanding material for 
several graphene based applications. While synthesis of MLG via conventional methods is 
expensive, it was observed from our study that graphene flakes have the tendency to self-assemble 
into multilayered structures in water. As shown in figure 5, seven Gf were placed in water and 
simulated for ~6ns. The process of Gf retreat from the water was accompanied by their 
simultaneous stacking. This process of stacking further accelerated the progression of graphene 
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coming out of water increasing the hydrophobic character of MLG. The number of graphene sheets 
in the formed MLG varied from 2 to 5. It is to be pointed out that no external force or chemical 
additive was added into the system during simulations. To the best of our knowledge, no previous 
report of MLG formation driven by simply water hydrophobicity exists. From our observation, it 
is clear that the interaction between two graphene sheets dominated the interaction between water 
and graphene. Further, we simulated twenty Gf in water. The starting structure with twenty Gf 
within water droplet is shown in figure 6(a) and figure 6(b) shows the multilayered stacked 
structures which eventually either retreat from water and cover the water droplet surface or drift 
away from water.  It was seen that MLG up to 3 layers of graphene covered the surface of water 
droplet after each layer had completely come out of the water. While MLG with more than 3 layers 
of graphene drifted away from water exhibiting strong hydrophobicity. 
 
 
Figure 5: Cross-sectional view of retreat of seven graphene flakes (Gf) from water during 
simulation to form multilayered graphene (MLG) by stacking together. Images are taken at 
different timestep during simulation run. 
 
 
 
Figure 6: (a) Cross-sectional view of twenty graphene flakes (Gf) placed in water before 
simulation. (b) Stacking of Gf during simulation run to form stacked multilayered structures. 
Images are taken after 5ns of simulation run. 
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3.4 Effect of water on stress-strain response of graphene  
 
Stability of single graphene sheet in abundant water content calls for some additional analysis as 
this trait can be well exploited in terms of its biomedical and sensing applications. Graphene 
currently is the known strongest material which can withstand stresses of about ~100-130 GPa 
without failure.26 Once the crack is initiated in graphene, it undergoes brittle failure. In the light of 
current standing in terms of graphene-water interaction, we can say that graphene exhibits 
interestingly mixed traits where its hydrophilicity and hydrophobicity are greatly dependent upon 
its size and water content. In order to predict deformation of graphene in water, the stress-strain 
response of graphene in a simulation box full of water was done in LAMMPS by applying a 
constant strain rate of 0.001. Two cases were considered as previously mentioned : Tensile loading 
was applied to (i) a periodic graphene, and (ii) a cracked or previously deformed graphene in a box 
full of water. This was done in order to apprehend effect of water molecules on defected graphene 
sheet and its subsequent performance under stress. The comparison was made with graphene in 
the simulation box with no water under similar stress keeping the dimensions consistent.  
 
For the case (i) when tensile loading was applied to pristine graphene in a simulation box full of 
water molecules (see figure 7(a)), it was seen that during the deformation, water molecules in the 
entire simulation box accumulated in the central region and graphene sheet wrinkled to wrap 
around the water molecules as can be seen in figure 7(b). This observation was in accordance with 
the analysis done in section 3.1 where large graphene flakes encapsulated water content. Figure 8 
represents the stress-strain plot for graphene in presence of water in comparison with solely 
graphene. It can be seen in figure 8, even though graphene fractures at a strain of 0.17, when placed 
in water, it does not undergo complete fragmentation but only a small crack at strain of 0.177. The 
plausible reason for such a behavior can be attributed to the severe wrinkling of graphene which 
has been reported previously to increase its fracture toughness.36 As a result, while there was a 
crack nucleation at a strain of 0.177, no subsequent brittle fracture was seen. Additionally, no 
further straining was possible for the system. We hypothesize that water-graphene interactions and 
wrinkled topology have a huge role to play in resisting further straining. The investigation 
regarding which is still ongoing. 
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Figure 7: (a) Side view of a simulation box full of water molecules and a periodic graphene sheet 
present at the center at the onset of tensile loading. (b) Horizontal view of simulation box from x 
direction under tensile loading. Wrinkling of graphene sheet around the water molecule can be 
seen. 
 
Figure 8: The stress- strain plots of graphene in water (red) and graphene without water (blue). 
Small crack in graphene sheet at highest strain (0.177) for which simulation ran has been shown 
contrary to completely fractured graphene sheet at strain 0.17 in absence of water molecules. 
 
In the second case (ii), tensile loading was applied to a graphene in a box full of water having a 
slit-like crack with armchair edges of length 2a (a = 10Å) in the middle. Similar to the case (i), 
during deformation, water molecules accumulated in center of the box and graphene sheet 
wrinkled to wrap around them. Figure 9(a) shows stress-strain plot for cracked graphene with and 
without water and response of graphene to water on deformation was very similar to one seen in 
case of pristine graphene. While the atomic stresses were slightly smaller in presence of water, the 
maximum strain that could be applied was very close (0.118 for graphene in water and 0.122 for 
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the only graphene). Again while graphene fractured completely at strain 0.122, in presence of 
water no further straining beyond 0.118 strain was possible due to excessive wrinkling which 
resisted deformation. Our main focus was to notice the process of crack propagation if any in 
presence of water. It can be seen in figure 9(b-d), the slit-like crack was in the process of healing 
during the process and no crack propagation was seen. Slight re-arrangement of bonds near around 
the slit was seen throughout. 
 
Figure 9: (a) The stress- strain plots of cracked graphene in water (magenta) and cracked graphene 
without water (green). (b-d) Top view of slit in graphene during deformation, depicting re-
arrangement of bonds. 
 
IV. CONCLUSION 
 
To conclude, an attempt has been made in this study to understand the response of free-standing 
graphene when placed in water. With extensive use of graphene in applications involving water-
based solutions, especially in biomedical sciences, it is necessary to predict surface trait of such 
2D material when exposed to water content. We performed molecular dynamics simulations of 
different sized and number of graphene in water in order to apprehend the size and number 
dependent response of graphene flakes to water. We found that graphene tends to cover the surface 
area of the water content. Large graphene encapsulates the water, while smaller graphene flakes 
first retreat from the water and then form surface interaction with water content. It is known that 
graphene can be hydrophobic or hydrophilic depending on numerous environmental conditions. 
We found supporting evidence to this theory during our simulations. When graphene was exposed 
to the air, hydrophobicity dominates that drive graphene outward from the water content. While 
once it is out, it adsorbs water molecules on its surface and covers the water surface. In addition 
to this, for the first time, we showed by means of molecular dynamics simulations that water can 
drive several graphene sheets to self-assemble to form a multilayered graphene. These 
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multilayered graphene sheets were found to be hydrophobic as they do not adsorb water molecules 
on the surface, an attribute which increases with the number of graphene layers. It was noted that 
graphene-graphene interactions dominated over graphene-water interaction. Our study highlights 
mixed traits of graphene with respect to water content which can be well utilized by the research 
community in terms of its applications, especially in the field of drug delivery as graphene can be 
used to encapsulate drug emulsions. Further, we hypothesize based on our simulations that MLG 
can be produced in a cost-effective way by self-assembling in water. These self-assembled MLG 
were hydrophobic and were stacked at different orientations with respect to one another. In 
addition, a small attempt has been made to address the deformation behavior of graphene in water. 
It was found that during tensile loading, graphene sheet wrinkles to wrap around water molecule 
and does not undergo brittle failure. The strain at which graphene is supposed to fracture, we see 
nucleation of small cracks.  This is mostly because of graphene wrinkling and its interaction with 
water. Further investigations are currently being undertaken in this regard. 
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